in C. elegans and thus tested strains isolated from three different continents ( Figure 1A) . We found that all isolates, with one exception, were sensitive to RNAi by feeding dsRNA of a germline-expressed gene, par-1. One isolate (CB4856), which was obtained from the is- Hawaiian strain with the RNAi-sensitive N2 strain and a defect in RNAi that was specific to the germline found that the RNAi-resistant trait did not segregate in and was a result of multiple mutations in a PAZ/PIWI a Mendelian fashion, suggesting that more than one domain-containing protein, which we named PPW-1.
Figure 1. RNAi Analysis of ppw-1
(A) Various natural isolates of C. elegans were assayed for RNAi by ingestion: animals were cultured on plates that were seeded with bacteria that produce dsRNA homologous to par-1, a C. elegans gene that is essential for development [38] . RNAi-deficient rde-1(ne 219) animals were used as a control. (B) Bristol N2, the Hawaiian strain CB4856, ppw-1, and rde-1 animals were assayed on bacterial clones that were genetically modified to produce dsRNA homologous to different C. elegans genes. These foods were picked on the basis of their ability to induce a visible phenotype in Bristol N2 animals [ cates that, also under these conditions, RNAi is taking this does not lead to a total loss of mRNA, but it is sufficient to establish an RNAi response that can persist place in the germline, but to a lesser extent than in wildtype animals in which GFP expression is completely for at least one additional generation and might be subject to amplification [11] , which could explain the obwiped out.
The reduction in germline RNAi is not likely caused served level of silencing. These analyses do not distinguish whether the defect by a delay in setting up the RNAi response upon feeding, because we found that the complete brood of ppw-1 in ppw-1 animals is in the RNAi reaction itself (specific for germline tissue) or whether the defect occurs earlier, animals that were fed dsRNA homologous to pos-1 hatched and developed to adulthood. Strikingly, howe.g., in the process that allows the spreading of the RNAi signal/molecules throughout the animal. In order to test ever, when surviving animals were monitored, they appeared to be carriers of the pos-1 RNAi effect and segrethis, we introduced pos-1 dsRNA directly into the germline by injecting the gonadal syncytium ( Figure 1D ). Usgate dead eggs in the next generation. This again suggests that RNAi is initiated in the parent. Apparently, ing this efficient dsRNA delivery, we found that ppw-1 animals are less responsive to dsRNA than wild-type 2A). Northern-and reverse-transcription analysis shows that a full-length C18E3.7 mRNA transcript is made in animals. This indicates that the RNAi defect in these mutant animals is, at least in part, in the germline tissue both strains, although the steady-state level in the Hawaiian strain was moderately reduced ( Figure 2B ; note itself and is thus not the result of transport defects. This attenuated RNAi response can be overcome by that this was also observed for the downstream locus C18E3.6, which is SL2 spliced, suggesting that C18E3.7 increasing the number of trigger molecules ( Figure 1D) ; ppw-1 animals are fully sensitive at high concentrations and C18E3.6 are within one operon). Sequencing this locus identified multiple polymorphisms between the of dsRNA or small antisense RNA (data not shown). This favors the hypothesis that feeding on dsRNA-producing Hawaiian strain and N2 ( Figure 2C ). Besides some base alterations that result in the alterations of the amino acid bacteria results in a low effective concentration of dsRNA, or intermediates in the RNAi reaction, in the sequence (including two amino acid changes in protein domains that are highly conserved), the Hawaiian allele germline of exposed animals. Presumably, this level is not sufficient to wipe out all homologous mRNA in the carries a single base deletion resulting in an early stop codon that is suggestive of a null allele ( Figure 2D ). To Hawaiian strain, which therefore displays an RNAi-deficient phenotype.
prove that a defect in this locus is sufficient to cause the specific RNAi-defective phenotype observed in the To gain insight into the molecular nature of the reduced RNAi sensitivity, we identified the genetic defect Hawaiian strain, we isolated a deletion allele in the Bristol N2 strain. The deletion removes both the PAZ and in ppw-1 animals. Classical genetic mapping with visible markers and DNA polymorphisms was performed to PIWI domain of ppw-1 (Figures 2C and 2D ; the deletion breakpoint results in an out-of-frame C-terminal part), place the ppw-1(pk2505) (Hawaiian) allele in a 10-kb interval containing the predicted ORF, C18E3.7 (Figure and this allele was phenotypically identical to the Hawai-ian allele in all RNAi experiments described above (data C. elegans genome [16] , and several members have now been implicated in what appears to be different types not shown). This indicates that, also in the N2 genetic background, PPW-1 is required for germline RNAi when of RNA-directed gene silencing. These members include rde-1, which was identified on the basis of its absolute the dsRNA is administered by feeding.
The fact that we were able to phenocopy the mutation requirement in RNAi, and ppw-1, here shown to be required for efficient RNAi in the germline. They also inby introducing multicopy arrays of not only the wildtype, but also of the Hawaiian (mutated) allele of ppw-1, clude alg-1 and alg-2, which are involved in the regulation of heterochronic gene expression via miRNAs and also points to a role for PPW-1 in germline RNAi. [19] , and AGO2 is a component of RISC [20] , a multiprotein complex that is able to target mRNA for in the C. elegans germline, ppw-1 is also involved in gene regulation triggered by miRNAs, perhaps a subset destruction triggered by homologous short interfering RNAs (siRNAs) [21] . The first member of this protein that is expressed in germline tissues. Here, it should be noted that ppw-1 deletion mutants, like rde-1 animals class that was shown to be required for RNA silencing was the RDE-1 protein, which was identified to play a (and also ppw-1; rde-1 double mutant animals), do not display any other obvious phenotype than the defective crucial role in RNAi, both in germline and somatic tissues of C. elegans [2]. response to dsRNA, and that the developmental program in the Hawaiian isolate, which lacks a functional The ppw-1 gene product is homologous to RDE-1. Because both proteins are required to trigger efficient PPW-1 protein, is not compromised. Whether the Hawaiian strain, as a result of the defect RNAi in the germline upon environmentally administered dsRNA, we suggest that both proteins play nonredunin PPW-1, is more susceptible to invasive elements that threaten the genomic content, like DNA transposons or dant roles in the RNAi reaction and perhaps stabilize the RNAi intermediates, i.e., siRNAs, at different steps dsRNA viruses (at present, no viroid species are known to infect the nematode), is difficult to address, but it in the reaction. A putative role for RDE-1 in stabilizing such intermediates comes from the observation that seems unlikely. First, we find DNA transposition still repressed in the germline of the Hawaiian strain (data pos-1 siRNA species were not detected in rde-1 animals that were fed pos-1 dsRNA [22] . These animals are, not shown), and, second, the genome of the Hawaiian strain is not loaded with more remnants of retroviruses, however, capable of siRNA production, because cellfree extracts prepared from rde-1 animals are capable compared to the Bristol N2 strain. Third, without apparent selection pressure in its natural habitat, multiple of dicing dsRNA into siRNAs [22] , and siRNA can be detected shortly (5 hr) after injection of radio-labeled basepair changes accumulated in PPW-1 in the Hawaiian isolate without apparent loss of growth or fecundity. dsRNA molecules into the gonad of rde-1 animals [23] . This indicates that the Dicer reaction, by which dsRNA In summary, we show that PPW-1, a member of the PIWI/RDE-1/Argonaute protein family, is involved in is diced into siRNAs, is not compromised by the absence of functional RDE-1, and that the absence of observable RNAi in the C. elegans germline, most noticeably when the trigger molecules, dsRNA, are environmentally prosteady-state levels of these siRNAs is thus more likely a stability issue.
vided, and we show that one C. elegans isolate, which was obtained from Hawaiian soil, lacks this factor. The There are at least 24 members of this protein family, including ppw-1 and rde-1, which are encoded by the fact that loss of rde-1 as well as loss of ppw-1 results for complete and effective RNAi in C. elegans.
RNAi by injection was performed, as described previously [22] , by injecting pos-1 dsRNA or small antisense RNAs into the C. elegans gonad.
Experimental Procedures

C. elegans Strains and Genetics
RNA Analysis The RNAi-defective trait in CB4856 does not segregate in a MendeTotal RNA was isolated from N2 and ppw-1 animals (mixed stage). lian fashion: in crosses between CB4856 males and Bristol N2 herrt-PCR was performed with M-MLV according to the suppliers inmaphrodites, 53% of the F2 brood displays some level of resistance struction (Promega) with C18E3.7-specific primers (sequences to par-1 dsRNA (the majority is fully resistant, but some F2 animals available on request) and primers directed against SL1 and SL2 also produce a limited number of surviving brood on these selection trans-splicing sequences. Northern analysis was performed with plates). Several resistant lines have been selected and were further probes p1: C18E3.7_C/E (nt 1416-1934) and p2: C18E3.7_4/7 (nt outcrossed to N2. Finally, one line that was outcrossed eight times 3022-3722, this probe is within the deleted sequences in pk3511), to Bristol N2 (N2), by using the RNAi feeding-deficient response to which both detect the predicted C18E3.7 mRNA transcript (http:// par-1 dsRNA as a readout, was selected. This strain, designated www.wormbase.org/db/seq/sequence?nameϭC18E3.7;classϭ NL2550, segregated the RNAi-defective phenotype in a Mendelian Sequence), and p3: C18E3.6_3/4 (nt 6118-6868), which detects the manner: in crosses between NL2550 and N2, 23% of the F2 animals predicted C18E3.6 mRNA transcript (http://www.wormbase.org/db/ were insensitive to par-1 dsRNA. The recessive allele was later seq/sequence?nameϭC18E3.6;classϭSequence). 18S rRNA was renamed ppw-1. After placing the ppw-1 allele on the left arm of detected by ethidium bromide staining of agarose gels prior to LGI (see below), we genetically reexamined the RNAi deficiency transfer. in CB4856. CB4856 was crossed to dpy-5(e61) animals (genetic distance from ppw-1 is ‫1ف‬ cM), and the dpy-5 homozygous F2 Acknowledgments (Ͼ99% have at least one wild-type ppw-1 copy) were tested for RNAi sensitivity. Of those tested, 32% were either completely resistant or
We 
